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by
A. B. Smith
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an
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ABSTRACT

Differential neutron elastic- and inelastic-scattering cross sections

of elemental calcium (96.94% doubly-magic 40Ca) are measured from =
1.5 to 10 MeV with sufficient detail to determine their
ener y-avera%fd behavior in the highly fluctuating environment. These
results, combined with values previously reported in the literature,
are assessed in the contexts of optical-statistical, dispersive
optical, and coupled- channels models, applicable to the energy domain
0 - 30+ MeV, with particular emphasis on the lower energies where the
interpretations: are sensitive to the dispersion relationship and the
effective mass. The interpretations define the energy dependencies of
the potential parameters (resolving prior ambiguities), suggest that
previous estimates of the prominent low-energy (n,p) and (n,a)
reactions are too large, reasonably describe observables to at least
30 MeV, and provide a vehicle for extrapolation into the bound-state
regime that gives a good description of hole- and particle-state
binding energies. The resulting real-potential parameters (in

contrast to many 4OCa parameters reported in the literature) are shown
consistent with global trends.



I. INTRODUCTORY REMARKS

Elemental calcium very largely consists of the doubly-magic T = 0

isotope 40¢, (96.947). As such, it 1is essentially the only
naturally-occurring doubly-magic element of sufficient mass to be
reasonably treated with weak-coupling models. Due to these

properties, the neutron interaction with calcium has been extensively
studied for more than a quarter of a century [RB67, JM88, MN82, DT88,
Hol+69, MS86, MS86A, ARF87, AR87, MS88, Hon+86, Tor+82, O0TR90 and
Uls+87j. The large majority of the measurements are at incident
energies of > 10 MeV despite the fact that much recent physical
interest has been in; the lower-energy potential behavior influenced
by the dispersion relationship, the effective mass as En -+ 0,

questions as to the interplay between volume and surface absorptiom,
and in a unified potential extending from bound to unbound energies.
It is known that the general higher-energy potential parameters are
inconsistent with lower-energy data, and it has been suggested [JM8S]
that there are rather sharp energy dependencies of the geometric
potential parameters at lower energies. However, this behavior is not
well defined ‘because of the lack of experimental information,
understanding that is forbidden to charged-particle probes. It is not
surprising that the experimental data base is not well known . below
x 10 MeV (excepting the total cross section) as the cross sections for
the neutron interaction with calcium are known to fluctuate by large
amounts. Single or few measurements at isolated energies do not
determine the behavior comparable with energy-average model concepts.
If the energy-average behavior is to be reliably determined the
requisite measurements must be made in great energy detail, and
experimental studies in that scope have not been previously attempted
in the few-MeV range.

Most of the prior interpretations focused upon higher energies
and thus avoided the difficult matter of compound-nucleus (CN)

processes. In the case of 40Ca the CN interpretations are
considerably complicated by &?,p) and (n,a) channels which have low
energy thresholds and remarkably large cross sections at even few-MeV
energies [ENDF], collectively approaching a barn. Thus, quantitative
calculation of channel competition requires a knowledge of proton and
o-particle potentials, and particularly the latter are not well know

at these low energies. The experimental knowledge of 40Ca(n,p) and
(n,a) cross sections is only fragmentary [NNDC]. The interpretive
situation is further exasperated by the known collective nature of

some of the low-lying levels in 4OCa, notably the 3.7367 MeV (3)
level [Hon+85, Tor+82 and AR8T].

In view of the above, from both the experimental point of view
and that of the model interpretations, the fast neutron interactions

with 400, are an enigma fraught with uncertainties in the low-energy
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(< 10 MeV) region where the physical representations are presumed to
be rather rapidly changing.  Thus it is not surprising that the
various attempts to extend the physical interpretations into the
lover- energy re§ime are not particularly consistent within themselves,
nor with global trends. For example, many of the interpretations
employ real-potential reduced radii of s 1.2 fm, in contrast to what
one would expect from the general trend of increasing real radii with

decreasing target mass [SG92, ¥ey73], and 40, is a relatively light
target.

The present work was undertaken some time ago in an effort to
resolve some of the above issues. It proved a difficult experimental
and interpretive endeavor that extended over a number of years, and
which lead to an ancillary study of similar neutron interactions with

the nearby nucleus 4%sc [S693]. Section IT outlines the experimental
methods. Section III presents the results of the detailed
measurements. Section IV deals with the optical-statistical,
dispersive- optical and coupled- channels models and their application.
Section V discusses the results, including extrapolation of neutron
model to the bound- energy regime and the relation of the present work
to systematic physical and model trends.

The above remarks focus on fundamental physical concepts.

However, it should be noted that calcium (i.e., 40Ca) is a major
constituent of concrete, a material that is widely used in
nuclear- engineering applications for shielding, and that calcium is a
significant component of many biological systems. As such, accurate
knovledge of the basic nuclear data governing the fast-neutron
interaction with calcium is of considerable applied concern and has
the potential for large social benefits. The present work provides
such applied information, and implies other applications- important

fundamental data (e.g., 40¢, (n,p) and (n,a) cross sections).

II. OUTLINE OF EXPERIMENTAL METHODS

The neutron- scattering measurements of the present work were
carried out using the fast-neutron time-of-flight technique [CL55].
This method has long been employed at Argonne National Laboratory in
neutron- scattering studies using a ten-angle detection system, and has
been extensively described elsewhere [Smi+67, Bud+84 and Chi+92].
Thus only a very brief outline will be given here, with emphasis on
those facets of the method that are particularly relevant to the
present work, or which represent some change from the procedures
previously reported.



The measurement sample consisted of a cylinder of metallic
elemental calcium (chemical purity 99+%), 2 cm in diameter and 2 cm
long. It was sealed in a stainless-steel can 0.125 mm thick to avoid
oxigation, and an equivalent-sized empty container was used for
background determinations. This is a relatively small sample that
provided "good" scattering geometry. However, the nuclear density of
elemental calcium is low, and thus detector response rates with the
small sample were modest. This limitation was partly compensated for
by the high transmission of the sample, and thus small multiple-event
corrections. Similarly sized samples of polyethylene (CH2) and

pile-grade graphite were used in the detector-normalization
procedures.

The scattering samples were placed ~ 18 cm from the neutron

source at a 0° source-reaction angle, and at the focus of tenm flight
paths. The concurrent use of ten flight paths provided the
measurement efficiency and stability making practical the very
extensive measurements required for ener%y-average scattering cross
section determinations in the hi%hly luctuating environment of
calcium scattering at energies of less than =~ 10 MeV. The flight
paths were tightly collimated and = 500 cm long. One or two
additional time-of-flight detectors were used to monitor the source
intensity. The scattered-neutron detectors were liquid organic
scintillators of ~ 2 cm thickness and » 12.5 cm diameter. The overall
effective scattered-neutron resolution was = 0.6 ns/m.

Belov energies of 4.0 MeV, the 7Li(p,n)7Be neutron- source
reaction was used [Dro87]. The lithium targets consisted of
evaporated metal films of a thickness necessary to provide the desired
neutron energy-spread at the sample. Above 4.0 Nev, the D(d,n)T
neutron- source reaction was employed [Dro87]. The target deuterium
gas was contained in a cell » 2.5 cm long, with the gas pressure
adjusted to provide the desired neutron energy spread at the
scattering sample. These sources were pulsed at a repetition rate of
2 MHz, with burst durations of ~ 1 ns. Burst intensity was enhanced
by the use of a harmonic ion-bunching system.

The relative energy responses of the ten scattering detectors
were determined by the observation of the neutrons emitted from the

spontaneous fission of 25205 [$6S77]. At energies below 4.0 MeV the
measurements were normalized to the well-known neutron total cross
section of elemental carbon [CSL82] as described in ref. [SGMB2].
Above 4.0 MeV the measurements were made relative to the standard
H(n,n) cross section [CSL82]. Data acquisition, reduction to cross
sections, and corrections for multiple-event, attenuation and
angular-resolution effects were handled by an integrated computer
software system  providing accurate  and e%ficient data



flow [Gue77, Smi88].

Inelastic neutron- scattering cross sections were determined
concurrently with the measurement of the elastic-scattering angular
distributions using the ~ 5 m flight paths, as outlined above. At
incident energies above ~ 7 NeV, additional attention was given to
scattered neutrons due to the excitation of the first few levels in
calcium. A heavily-shielded source and a 15.6 m flight path at a

scattering angle of 80° was employed to optimize the scattered- neutron
resolution. This system was identical to that described in
ref. [Chi+92], and provided scattered-neutron resolutions of better
than 0.3 ns/m.

IIT. EXPERIMENTAL RESULTS

The goal of the present experimental measurements was the
provision of - a comprehensive data base that defines the
energy-averaged behavior of the neutron scattering from calcium at
energies of < 10 MeV. The elastic-scattering process was a primary
consideration, with secondary attention to the inelastic excitation of

the first few levels in 40Ca. The neutron total cross section is
sufficiently known for the present considerations (ENDF, LHH80], and
thus redundant measurements were not undertaken.

IIT-1. Elastic Scattering

The main experimental problem was the determination of a reliable
energy-averaged behavior in the context of a very fluctuating cross
section. That problem is most acute below x 4 MeV vhere there must be
a compromise between the resolution of the elastic and inelastic
contributions and the reasonable determination of the energy-average
trends. These conflicting requirements were effectively addressed
using the Argonne multi-detector system.

Below = 4 MeV the elastic angular distributions are not rapidly
changing with angle thus suitable angular definition was obtained with
ten differential measurements at each energy, distributed between =

20° and 160°. The uncertainties in these differential values were
approximately 5%, including statistical, systematic and
angle-normalization contributions. The measurements were made from
incident energies of < 1.5 MeV to 4.0 MeV, with incident-energy
spreads of ~ 50 keV, and in 50 keV incident- energy steps.  This
procedure assured a complete coverage of the experimental energy
range, including response from all the resonance structure. The
measurement regime resulted in approximately 500 differential cross



sections, and was practical only with the above-cited multi-detector
system. The use of the system is not only a matter of efficiency, but
it also assures that an entire distribution is obtained concurrently,
thus avoiding possibly-large distortions that can result from small
variations in incident-energy spread, or in the absolute-energy scale,
from anﬁylar measurement to measurement.  Such perturbations are
inevitable to some extent, and can have a violent effect when using a
single (or few) detector (s{ to map out an angular distribution in the
context of a very rapidly fluctuating cross section.

The angular distributions obtained in the above low-energy
measurements were very energy dependent, reflecting the underlying
resonance structure. This is explicitly illustrated in reference
[SG82], which is a preliminary report of the lower-energy portion of
the present work. These fluctuations were partially smoothed by
averaging the measured data over a 250 keV energy interval, with the
results shown in Fig. III-1. There are some energy-dependent
variations in the distributions of Fig. III-1, but the energy-average
trends are reasonably mapped out. The measured differential
distributions were least-square fitted with Legendre- polynomial
expansions to obtain the corresponding angle- integrated
elastic-scattering cross sectioms. These are compared with the
fluctuating total cross section in Fig. II1-2. The average
energy-dependent trends of the high-resolution total cross sections
are very well represented by the angle integrated elastic-scattering
cross sections up to = 3 NeV. Above that energy the elastic
scattering increasingly falls below the general trend of the total
cross sections due to the opening of inelastic channels and to the
Eapig%y increasing magnitudes of the (m,p) and (n,a) cross sections

ENDF].

Vhile the fluctuations of the elastic-scattering cross sectioms
persist to 8 - 10 MeV, they are not as violent as at lower energies.
Therefore an experimental approach differing from that above was
adopted for measurements from 4.5 to 10 MeV. In this range the
measurements were made at intervals of = 0.5 MeV. Thirty or more
differential values were obtained at each energy, distributed between

x 20° and 160°. Incident-energy spreads were intentionally kept
relatively large (e.g., 200 keV or more) in an effort to smooth
fluctuations. However, such broad incident-energy spreads compromised
the ability to resolve discrete inelastically- scattered neutron
groups. This approach appeared to be successful in averaging the
elastic- scattering fluctuations above = 6 MeV, but there was some
indication that §1uctuations were still a problem at 4 - 5 MeV as
measurements taken at different times occasionally systematically
differed from one another, probably as the result of small differences
in incident- energy scale or incident-energy spread. The experimental
uncertainties ranged from a few to ten percent or more at the minima
of the distributions. These minima are very deep at some energies
(only several mb/sr). The present higher-energy elastic-scattering
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results are illustrated in the 4.5 to 10.0 NeV portion of Fig. IV-1.

There are a  number of previously- measured calcium
elastic- scattering results reported in the literature, most of them at
energies above those of the present work.  Furthermore, detailed
comparisons are difficult as the energy- isolated values found in the
literature may have slightly different incident energies or energy
spreads than those of the present work. In the context of the high%y
fluctuating calcium cross section, these small energy differences can
lead to very discrepant results. Despite these concerns, comparisons
of the elastic-scattering results of the present work with those
reported in the literature are reasonably encouraging. Some examples
are given in Fig. III-3.

I11-2. Inelastic Scattering

The inelastic-scattering cross sections are a key to the
definition of the compound- nucleus cross sections, and these are a
matter of considerable importance in the interpretations, as described
in  Section 1IV. Moreover, the experimental knowledge of
inelastic-neutron scattering from calcium is remarkable sparse,
largely confined to the work of Perey and Kinney [PK70]. Thus, the
present inelastic-scattering measurements contribute substantive
information of both basic and applied interest.

The excited level structure of 4OCa is well known up to at least

8 MeV [EL78]. The first excited level is at 3.3526 MeV (0%), and the
corresponding differential inelastic-scattering cross sections were
determined to ~ 8.4 MeV in the present work (throughout these remarks,
the angle- integrated inelastic- scatterin cross sections were
determined by fitting the observed dif%erential values with a
Legendre- polynomial series). The experimental results were determined
concurrently with the elastic-scattering distributions, described
above, and from measurements using smaller incident- energy spreads
(e.g-, » 100 keV) and the long, high-resolution, flight path outlined
in Section II. The experimental velocity resolution obtained with the
high-resolution measurements is illustrated in Fig. III-4. The
resent experimental values are very consistent with those of refs.
%PK70, BQ81 and Bai+77], and quite small. The next excited level is

at 3.7367 eV (37). The present work, and that of ref. [PK70], give
fragmentary knowledge of the corresponding inelastic-scattering cross
section as it is difficult to resolve this contribution from that due

to the next level at 3.9044 MeV (2*).  However, the experimental
information does indicated that the cross section is relatively large
(e.g., ~ 200 mb at 5.5 MeV). Far more comprehensive experimental
knowledge of the composite cross section for the excitation of the
3.7367 and 3.9044 MeV levels was obtained in the present work and that
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of ref. [PK70]. The experiments indicate that, qualitatively, the
cross sections for the excitation of each of these two states are
approximately the same at lower energies. The composite cross section
is relatively large (e.g., at = 5 MeV it is several hundred mb). Vhat
is commonly measured and reported in the literature is the cross
section for the combined excitation of the 3.3526, 3.7367 and 3.9044
levels, and the experimental results indicate a large composite cross
section at lower energies (peaking at » 400 mb), and which continues
with modest values to higher incident energies [PK70, Bai+77, Tor+82,
Hon+86, AR87, Hic+90 and 0TR90]. The next excited level is at 4.4914

MeV (5). BResults from the present work and that of ref. [PK70] are
in good agreement, and the cross sections are small. The next two

levels are at 5.2116 (2+) and 5.2488 (4'), and the individual cross
sections were not experimentally resolved. However, the combined
cross section is small in both the present work and that of ref.

[PK70]. The next two levels are at 5.6135 (4 ) and 5.6295 (2), and,
again, the corresponding scattered-neutron groups were not
experimentally resolved. The respective combined cross sections of
the present work and that of ref. [PK70] are not large. Above = 6.0
MeV, the excited level density increases very rapidly and there is
little definition of discrete inelastic-scattering cross sections in
the present, or any other, work. There is limited information about
the cross sections for the excitation of the triplet of levels at
5.903, 6.026 and 6.030, but the corresponding cross sections are only
qualitative as determined from this work, or that of ref. [PK70]. The
above angle-integrated cross sections of the present work are
summarized and compared with the corresponding values given in the
literature in Fig. III-5.

The angular distributions of neutrons scattered in the above
inelastic processes were determined in the present measurements. The
characteristic feature at lower energies was an approximate symmetry

about 90°. This is the type of distribution to be expected from
processes that are primarily of a CN nature. Even at 10 MeV, there is
only modest indication of the forward peaking of the distributions
that is characteristic of direct reactions. At much higher energies
(e.g., » 15 - 20 MeV) the literature indicates that this is no longer
true, but the corresponding cross sections are small [Bai+77, Hon+86,
AR87, Hic+90 and 0TR90]. These anisotropies and direct-reaction
processes are discussed in Section IV.

11
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IV. PHYSICAL MODELS

IV-1. Experimental Data Base

All of the present model interpretations employed the same data
base. The primary foundation consisted of the differential
elastic- scattering cross sections and was constructed as follows:-

i& Below 1.5 MeV the scattering data of ref. [Lan+66] were used.
These are total-scattering results, but they are all well below the
inelastic- scattering thresholds thus are equivalent to elastic
scattering. This set of data was obtained with relatively broad
experimental resolutions and is in considerable energy detail. Thus,
despite the highly resonance nature of the cross sections at these
energies, broad energy averages of these results should be reasonably
consistent with the concepts of energy-averaged models. Averaging
increments of 400 keV were selected as a compromise between energy
dependence and energy average.

ii) From 1.5 to 4.0 MeV the detailed experimental results of the
present work were used. These results were averaged over additional
increments of ~ 300 keV. This averaging increment was a compromise
between the determination of the energy-averaged behavior and, at the
same time, the provision of reasonable definition as various
inelastic- scattering and (n,X) channels open. These two objectives
are conflicting, thus the Tresults near the prominent inelastic
thresholds at about = 3.7 MeV should be considered with some
circumspection.

iii) From 4.0 to 10.0 MeV, the results of the present work were used.
As ‘described above, these results were obtained with rather broad
incident-neutron resolutions that, hopefully, averaged the underlying
structure. This assumption may not be as appropriate at the
lover-energy limit of the enmergy interval. The literature contains
some additional data relevant to this energy range [PK70, RB67 and
Hon+86]. It was not used in the model derivations due to its limited
scope.

iv) From 10.0 to 30.4 MeV, the data base was constructed from the
information reported in the literature, as available at the National
Nuclear Data Center [Fra+64, Bai77, FCR77, Rap+77, Dev+81, Tor+82,
Hon+86, ARF87 and 01s+87]. Some addition data from the Center were
abandoned as being grossly discrepant with the body of information
and/or as being of relatively limited scope. Even within the accepted
data there were clearly differences. These generally appeared to be
random, but in some cases there is evidence of systematic
discrepancies associated with the particular institutions involved.
It was hoped that the sample, consisting of 13 distributions, was
large enough to average these differences. There is a higher-energy
distribution (40 MeV) reported in the literature [Dev+81], but it

lacks definition at scattering angles back of = 90° so it was not used
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in the data base.

The experimental uncertainties to be associated with the present
elastic-scattering data are reasonably defined. Those relevant to
other aspects of the data base are less certain, or non-existent in
some cases. Vhere uncertainties were cited by the various authors
(often only statistical estimates) they were used in the fittin
procedures. Where no error was given by the author(s), it was assumes
that the relative differential cross-section uncertainty was inversely
proportional to cross section magnitude.

A key factor in the model interpretations was the neutron
inelastic- scattering cross sections due to the excitation of the first
three levels. These are reasonably defined, as discussed in Section
III, and primarily result from the present work and that of ref.
[PK70]. Associated considerations in the model interpretations are
the (n,p) and (n,a) cross sections at lower energies (e.g, below » 12
MeV) where compound-elastic scattering is a significant concern. Due

to the nature of the processes, the experimental knowledge of 40Ca
n,p) and (n,a) total reaction cross sections is only fragmentary
NNDC]. For the present interpretations the energy-dependencies (not

the magnitudes) of the (n,p) and (n,a) cross sections of 0Ca were
taken from the ENDF/B-VI file [ENDF].

In addition to the above differential data, the model
determinations also considered the neutron total cross sections to
% 40 MeV. These were taken from the measured values of Larson et al.
[LEE80], extended to lower emergies using the resonance behavior given
in ENDF/B-VI. The total cross section is highly fluctuating to at
least 5 MeV, and thus broad energy averages are necessary for
energy-average model comparisons. Neutron polarizations were given
minor consideration in the interpretations, using the experimental
results of refs. [Hon+86 and Tor+82].

IV-2. Potential Form Factors

Throughout. the model interpretations it was assumed that the real
potential had a Saxon-Woods (SW) form factor, the imaginary potential
a SW-derivative form, and that the spin-orbit potential was real with
a Thomas form [Hod71]. An imaginary spin-orbit potential has been
reported [Hon+86] but it is small, and later work attributes the
contribution to an artifact as a consequence of inattention to
dispersion effects [DI88]. Thus, an imaginary spin-orbit potential
was ignored. It was further assumed that the elemental data used in

the interpretation consisted entirely of 40¢, (» 97% abundance). Vith
this assumption T = 0 and all aspects of the potential are isoscaler.
Potential strengths will generally be presented here in the form of
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volume- integrals- per-nucleon, Ji’ where
3. =3 " U.(r) r? dr (Iv-1)
171 ), U ’
and radii, Ri’ will be defined by T, where Ri = ri-A1/3.

IV-3. Spherical Optical Model (SON)

The interpretation of neutron scattering from calcium above
incident energies of =~ 10 - 12 MeV is relatively simple as a great
number of CN channels are open. As a consequence, the individual CN
processes (particularly the compound-elastic §CE) process{ are ver
small and the elastic-scattering can be treated as shape-elastic (SEg
scattering. At lower energies, which are primarily addressed in this
work, the CN processes are important and can not be ignored, includin
the (n,p) and (n,a) channels. Thus, in a full scope, the mode
interpretations should treat charged-particle and neutron-emission CN
exit channels. Model derivation by explicit fitting of experimental
data in such a comprehensive scope has not been attempted as the
calculations are  very large, the requisite  experimental
charged-particle data is not available to sufficient accuracy, and
charged- particle potentials are not well defined.

An alternative to the above complexities and uncertainties is the
use of a "global" model to determine CE contributions, "correcting"
the observed elastic-neutron-scattering data for the CE component, and
then treating the "corrected" result with simple SE fitting.
Essentially that approach was used in ref. [JM88].  However, it
introduces the global model into the interpretations and as a result
may lead to distortions, particularly as the necessary
charged- particle potentials remain uncertain at lower energies.

Another alternative is an iterative approach based upon the
neutron observables. Using the higher-energy neutron data in a region
where the CE contributions can be reasonably ignored, a first estimate
of the potential is obtained by the explicit fitting of the
elastic-scattering neutron data assuming the equivalence of
experimental and SE scattering. This estimate is then used to
calculate the lower-energy CON processes, ignoring charged-particle
competition. The resulting calculated inelastic-scattering cross
sections of the first three levels are then compared with the
reasonably known experimental values to obtain a CN adjustment factor
which is assumed applicable to all CN neutron channels, including the
CE channel. The adjusted CE contribution to the observed elastic
scattering is subtracted to obtain "elastic" cross sections that are
suitable for simple SE fitting. The fitting process is then carried
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out over the full energy range, a new model obtained, and corrections
re-determined in an iterative manner. This method, dependent only on
the observed neutron cross sections, was used throughout the present

work. Since the prominent 40Ca. inelastic-scattering cross sections
are best known from =~ 546 MeV with little direct- reaction
contribution, that energy range was used for obtaining the above CN
adjustment factor. The factor was extrapolated to other energies
using only the energy-dependent shape of the (n,p) and (n,a) cross
sections as given in ENDF/B-VI [ENDF] and the calculated absorption
cross sections. The shapes of the (n,p) and (n,e) cross sections at
lower energies are strongly influenced by coulomb- barrier effects and
thus should be reasonably reliable. The normalization of the
composite magnitude of the (n,p) and (n,e) cross sections follows
directly from the absorption and inelastic-scattering cross sections
calculated with the model, and the observed inelastic-scattering cross
sections. Thus, the procedure implies a total (n,X) cross section
from the observed neutron processes that can be compared with
otherwise-determined results.

The above iterative approach requires detailed CN calculations.

The excited level structure of 4OCa. is relatively sparse due to its
doubly-magic nature, and thus CN calculations (and CE "adjustments" to
the observed elastic scattering) are a concern to relatively high
energies, in the present work to 12 MeV. Twenty five discrete excited
levels were considered in the calculations, to excitations of ~ 7.3

MeV, with level energies and J” values taken from ref. [EL78].
Higher-energy excitations were represented using the statistical
formalism of Gilbert and Cameron beGS]. A1l the spherical-model
calculations were carried out using the spherical optical-statistical
code ABAREX [Mo182]. That code treats statistical processes using the
Hauser-Feshbach formula [HF52], including resomance width-fluctuation
and correlation corrections as given by Moldauer }HOIBO]. The latter
corrections give results similar to those obtained with  the method of
Hofmann et al. [Hof+75].

At each iteration, after the observed differential elastic
scattering cross sections were "adjusted" for CE contributions they
were chi-square fitted to determine the optical potential. First the
real-potential geometry was determined (its behavior should be
relatively "global"), then the imaginary-potential geometry was
determined (it may depend upon the specific details of the nuclear
structure), and finally the real and imaginary potential strengths
were determined. The steps at each iteration were as follows:-

i) Six parameter fitting varying real and imaginary strengths, radii
and diffusenesses was carried out. From this the real diffuseness,
a_, was fixed. Experience has shown this parameter to be relatively

uncorrelated with the five others, energy independent and of a
"global" nature [Chi+90].
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ii) With a, fixed, five parameter fitting was used to determine the
real-potential radius, r . The real-potential magnitude is strongly
anti-correlated vith r , increasing the scatter in the r determined
from the fitting [Smi93].

iii) The imaginary radius, r,, was next addressed using four parameter
fitting with the real geometry fixed to the above values. r_ is not
strongly correlated with the other imaginary parameters.

iv) The ‘imaginary diffuseness, a , was then determined . with

three- parameter fitting and the above geometric parameters. It is
strongly anti-correlated with the imaginary strength, and thus the
results tend to scatter [Smi93].

v) Finally, two-parameter fits, with the geometries fixed to the above
values, were carried out to determine the real and imaginary potential
strengths.

The above five-step procedure has been successfully employed in a
number of cases (e.g., refs. [Chi+90, Chi+92 and Smi+92]) and gives
good results. All of the present fitting a-priori assumed the real
spin-orbit potential of Honore et al. [Hon+86]. This spin-orbit
potential was developed from extensive polarization studies. The
present fitting of elastic-scattering is not particularly sensitive to
the details of the spin-orbit potential.

After three iterations of the above CE-adjustment and SE-fitting
procedures, the SOM parameters reasonably converged to the values
given in Table IV-1. These parameters are similar to those
encountered in previous work at this laboratory [Chi+90]. The
physical aspects will be discussed in some detail in Section V.
However, at this point it should be noted that:-

i) There was no experimental support for a volume absorption in the
present interpretations.

ii) r, > r, at lower energies, and decreases with energy. Such a
behavior was noted long ago [Mol63].

iii) T, is constant at higher energies with a value larger than that

of some reported 4OCa interpretations, but is smaller at very low
energies.

iv) J, decreases and J = increases with energy, as one would

qualitatively expect from the Hartree-Fock behavior and the opening of
channels with increasing energy, respectively,
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v) Vhile the a, is reasonably constant, a becomes quite small ag
E-o0.

Clearly, the geometric parameters of the model are energy dependent as

qualitatively suggested by Johnson and Mahaux (J¥88] for 4OCa, and
more generally by work at this laboratory. It should also be pointed
out that the above iterative interpretation implies an
(n,X) = (n,p) + (n,a) cross section that is ~ 10 . 15% smaller than
that given in ENDF/B-VI.

The SOM potential of Table IV-1 provides an acceptable
description of the data base from which it was primarily developed, as
illustrated in Pig. IV-1. Notable is the good agreement at lower
energies where CE contributions are large. Between = 10 and 14 MeV
there are some shortcomings in the descriptions at angles of

% 120° - 140°.  This is probably a manifestation of a fundamental
aspect of the process that is not entirely consistent with the
energy-averaged models as the same discrepancies are evident in
several similar interpretations found in the literature [Tor+82, DT88
and J¥88]. The parameters of Table IV-1 also provide an acceptable
description of the observed total cross section to more than 40 MeV,
as illustrated in Fig. IV-2. There is some uncertainty near 3 - 4
MeV, as, even in the 500 keV averages of the experimental data used in
the figure, there is a considerable amount of residual structure. It
is notable that the calculations reasonably predict the total cross
sections at low energies in contrast, for example, to the results
obtained with the general potential of ref. [JMSSﬁ. The potential of
Table 1IV-1 also provides a good description of the CN
inelastic- scattering cross sections at lower energies, as illustrated
in Fig. III-5. However, this agreement is somewhat compromised as the
observed inelastic-scattering cross sections have been used to guide
the potential derivation, as outlined above. Finally, the potential
of Table 1IV-1 leads to acceptable descriptions of the observed
scattered-neutron polarizations, as illustrated in  Fig. IV-3.
Extensive SOM studies, largely focusing on the polarizations, have
obtained only marginally better results ?Tor+82].

IV-4. Dispersive Optical Model (DOM)

There is a well-known dispersion relationship between the real,
V, and imaginary, V, portions of the SOM [Sat83]
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Table IV-1.

SOM parameters resulting from the chi-square fitting

procedures (energies E are given in MeV, strengths Ji are in volume

integrals per nucleon with the dimension of leV-fm3, strengths V. are
in MeV, and geometric terms are in fms.).

Real Potential

[ B e B
< < < <

Imaginary Potential

O O O H N g

X ¥ L ¥ X x

Spin- Orbit Potential [Hon+86]
¥so
Tso

aSO

504.0 - 2.710-E
1.15 + 0.0159-E
1.2770 (E > 8)
0.5965

(E < 8)

55.0 + 2.75-E

110.0 (B > 20)
1.350 - 0.0068-E
1.275 (B > 11)
0.260 + 0.0252-E
0.5121 (E > 10)

(E < 20)
(E < 11)

(E < 10)

5.42 - 0.0240-E
1.020
0.500
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Fii' IV-1. Comparison of calculated (curves) and measured (symbols)
differential elastic-scattering cross sections. The calculations used
the SOM of Table IV-1. Incident-neutron energies are numerically
noted in MeV.
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Fig. IV-2. Comparison of a 500 keV average of measured (symbols)
(LHH80] and calculated (curves) neutron total cross sections of
calcium. The calculations employed the SOM, DOM and CCM of the text.
At = 10 MeV the SOM curve is the lowest, followed by the CCM result
and then the DON values. At » 40 MeV the DOM result is lowest,
followed by CCH and then SON results.
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V(r,E) = Vgp(r,E) + g.ij !{ﬁg%;}ﬂﬁf, (IV-2)

where P denotes the principal value of the integral and Vg 18 the

local-equivalent Hartree-Fock potential. This relationship results in
the "Fermi Surface Anomaly" which leads to a departure of the real
strength from Vg at lower energies. The expression of Eq. IV-2 will

impact on the parameters of the SOM deduced from the observed data.
The consequences were examined by re-fitting the experimental data
base using the DOM, including the contributions of the integral of Eq.
IV-2,

It is convenient to evaluate Eq. IV-2 in terms of the volume

integrals per nucleon, Ji' Formulated in that manner, Eq. IV-2

becomes
+m JW(E’)dE’

} P
I, = JHF'*?FJZQ T (IV-3)

where the integral can be broken into surface, AJS, and volume, AJVO,
components. Then

@ =2 [” WJS(? Rl
-mJ (E’)dE’ (V-4)
A o (E) = %J_m 'TV-ETE"')—"’
and
I,(E) = 3 4¢(E) + A (E), (IV-5)

vhere J . c(E) =_JHF(E) + AJ_ (E). In the present SOM interpretations,

there is no experimental support for a volume absorption to at least
an energy of ~ 22 MeV. Furthermore, it has been shown that AJvo is an

approximately linear function of the energy for -25 < E < 25 MeV
[Chi+92], with a zero magnitude at the Fermi Energy, Ep- As Jgp is

approximately a linear function of energy over the same energy range,
one can not experimentally distinguish the JHF and AJvo contributions
to Jeff(E). It is useful to define the ratio

A(B) = A1 (B)/3(B), (1v-6)
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where A(E{ is the quantity by which the surface- imaginary potential,
Js’ is multiplied by to give the surface-peaked component of the real

potential, AJS.

A(E), Eq. IV-6, was initially evaluated using the SOM deduced
above, and re-determined at each step of the iterative fittin
procedure. The calculation was carried out using a simple, an

frequently used approach. Js was assumed to be symmetric about EF’

where EF was taken to be - 12 MeV. For energies 2-EF <E <O, Js was

assumed to have the parabolic form Jg = (JO/E%)(E—EF)2, where J, is
the value of Js at E=0. For 0 <E < 22 MeV, Js was taken to have

the linear form deduced from the fitting of the experimental data
base. Above E = 22 MNeV, JS was assumed to linearly decrease with

energy to a zero value at 60 MeV. This assumption is consistent with
that of ref. [Hon+86]. Alternate choices of the 60 MeV end point had
small effects on the calculation of the above integral. The
assumptions suggest that volume absorption sets in at x 22 MeV, and
increases in a linear manner to = 60 MeV. The AJS behavior calculated

with these assumptions is shown in Pig. IV-4, and Fig. IV-5 shows the
corresponding A(E) values. Al is zero at Ep, and A(E) decreases from

rather large values at E =0 MeV, to zero at =~ 17 MeV, and then
becomes negative. The effect is to add a significant surface term to
the SV Hartree-Fock real potential at low energies, and to subtract a
surface term at high energies. The above calculational approach has
been employed several times at this laboratory [Chi+92, Smi+92].

Vith the above approximations, and the A(E) of Eq. IV-6, the
entire fitting procedure, outlined above in the context of the SO,
was repeated, including two iterative adjustments of both the (n,X)
channel competition and the calculation of A(E). The resulting DOX
potential parameters are given in Table IV-2. The SOM and DOX
potential parameters are reasonably consistent. The real- potential
diffusenesses are similar, with that of the DOM slightly smaller as
one expects at lower energies since a small surface component of the
potential has been removed through the dispersion integral of
Eq. IV-2. The r, and T,eff 2re similar at lower energies, but that of

the DOM is somewhat larger at higher energies. Both real strengths,
Jv and Jeff’ decrease with energy, but the slope and Zero- energy
intercept of Jeff are considerably less. This is to be expected as
the Jeff does not include the AJS of Eq. IV-5, which, from Fig. IV-4,
is » 40 MeV-fm® at zero energy and deceases with energy. The fact
that the differences between Jeff and Jv are not entirely accounted

for by AJ, reflects the contribution from A, (illustrated in

24



ac

60

40

Fm-MeV?

- Ca Ay B
" ’0;EF -
-30 -15 0 +15 + 30
E (MeV)
Fig. IV-4. Energy dependence of AJs and of AJ . of Eq. IV-4,

calculated as described in the text.



9¢

+1

Ca

15
E,(MeV)

Fig. IV-5. Energy dependence of A(E) of Eq. IV-6.



Fig. IV-4) included in J ... The imaginary-parameters of the SOM and
8 eff

DOM are less well determined, but even so the differences are
qualitatively reasonable. The r, are essentially identical below = 11

MeV. At very high energies, T, of the SON tends to be larger. This

probably reflects the energy dependence of A(E) (Fig. IV-5). The SOM
and DOX aw’s are qualitatively similar, and both have quite small

values at zero energy. The SOM and DOM Jw’s have the same qualitative

character, rising with energy as more channels open and then
approaching similar plateau values at higher energies. Generally,
the impact of the dispersion relationship is most felt on the real
potential.

Comparison of calculated SOM and DOM results with the neutron
data offers 1little guidance. The calculated differential
elastic-scattering distributions are very similar to one another and
to the experimental values (see Figs. IV-1 and -6). There is similar
a§reement between calculated and measured total cross sections, as
illustrated in Fig. 1IV-2. As in the SOM case, the DOM model
derivation implies (n,X) cross sections that are 10 - 15% smaller than
given in ENDF/B-VI.

1V-5 Coupled-Channels Model (CCM)

It was assumed that the 3 state at 3.7367 MeV is a collective

surface-vibrational level, and the subsequent 2* ( 3.9044 MeV) and 5
(4.4914 MeV) levels are very likely of the same character [Tam6s].
The observed inelastic-scattering cross sections for the combined
excitation of the first two of these levels are very much larger than
predicted by CN contributions at higher energies (see Fig. III-5),
though the anisotropy of the corresponding differential distributions
is not particularly strong until one is above 10 MeV [Hon+86, AR871.
It has been argued that the collective interactions significantly
effect the calculations of neutron polarizations [DT88, Hon+86].

In view of the above considerations, the present interpretations
were extended to include collective surface-vibrational coupling. The
calculational vehicle was the coupled-channels code ANLECIS [Nol81].

The § of the (3" )level was assumed equal to 0.329, that for the (2%)

level equal to 0.088, and for the (5 ) level equal to 0.243. These f
values are consistent with those given in refs. 5H0n+86, Bai+77 and
gAR87], and their implications are discussed in Section V.
omprehensive coupled- channels fitting, as applied in the SOM and DOM
contexts, is very time consuming, therefore some simplifying
assumptions were made. The procedure generally followed that of the
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Table IV-2. DOM potential parameters. The nomenclature is identical
to that of Table IV-1.

Real Potential

Jogs = 480.0 - 0.3125.E

Teff = 1.160 + 0.0147-E  (E < 10)

Toeff = 13069  (E > 10)

dooff = 0.5628

Imaginary Potential

J, =46.0 + 4.50.E  (E < 12 KeV)
J, =100.0  (E 212)
r, = 1.360 - 0.0079-E
a, =0.20 + 0.0377-E (E < 10)
a = 0.5760 (E 2 10)

Spin-Orbit Potential (Same as given in Table Iv-1)
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dléferential elastic-scattering cross sections of calcium. The
calculations employed the DOM of Table IV-2. The notation is
identical to that of Fig. IV-1.



SE fitting outlined above, with adjustment of the CE contribution to
obtain SE cross sections for fitting and three iterations to determine
the competition with the (n,X) processes. The fitting considered the

coupling of the ground, 37, 2* and 5, though the observed
excitations of the latter level are relatively small. This is the
same coupling scheme as employed in refs. (Hon+88 and AR87]. The
geometries of the SOM were assumed, and the fitting confined to the
real- and imaginary-potential strengths.

The the real- and imaginary-potential strengths resulting from
the coupled- channel fitting are given in Table IV-3. The real CCM
potential strength is similar to that of the SOM, with differences
that are probably not significant. The CCM and SOM imaginary
strengths are also similar, although the CCN representation increases
linearly with energy over the entire energy range of the
interpretations (i,e., from E = 0 - 30 NeV), but with less slope. The
CCM gives essentially the same description of the observed elastic
scattering as the SOM (which is illustrated in Fig. IV-1). Similarly,
the CCM total cross sections and polarizations agree rather well with
those obtained with the SOM, as illustrated in Figs. IV-2 and -3. In
the case of the polarizations, the CCM approach is arguably superior.
It is only in the higher-energy inelastic- scattering cross sections
that the CCM leads to pronounced improvement, as shown in Fig. III-5.
CN inelastic - scattering does not account for the observed
higher-energy inelastic scattering while the composite of CCM and CN
contributions is in quite good agreement with the observations over
all energies. The simple coupling of the present CCM also describes
the inelastic-scattering angular distributions at higher energies, as
illustrated by the comparisons of Fig. IV-7. Generally, the CCM model
leads to results as descriptive of the higher-energy observables as
those obtained with models specifically tailored to those energies and
inelastic-scattering reactions [Hon+85, ARF87, AR8T7].

Y. DISCUSSION

The real-potential diffusenesses of the present SOM (and CCM) and
DOM are energy independent and generally smaller than the systematic
trends reported in the literature and noted at this laboratory [S692,
RB67, JM88, DT88, Hon+86, Tor+82 and ARF87]. The differences are not

large, ~ 0.05 fm. Intuitively, it is not surprising that the 4OCa
real-potential diffuseness may be somewhat smaller than that predicted
by global trends as the doubly-magic target can be expected to have a
"hard" surface.’

The real-potential radii of the present SOM (and CCH) and DON, at
higher energies where the parameters are energy independent, are
x 6 - 8] larger than generally resulting from phenomenological studies
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Table IV-3. Strengths of real and imaginary CCM potential expressed in
terms of volume- integrals-per-nucleon. The relevant notation is
identical to that of Table IV-1.

. e e e e W e e T T e R W e W e S e @ W e = N W T W e = e . e

Real Potential

i
1]

496.0 - 2.27-E

Imaginary potential

Cond
il

52.0 + 1.80-E
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Fig. IV-7. Comparison of measured (symbols) and CCH calculated
(curves) cross sections for the excitation of 3.74 + 3.95 and 4levels

of 4OCa.. The upper portion of the figure is at 13.9 MeV, using the
data of ref. £H0n+86 . The lower portion is at 25.5 MeV, using the
data of ref. [AR87]. Light curves indicate the calculated excitationms
contributing to the observations, and the heavy curves the sum
("S") comparable with the measured values. Contributing J* values are
noted.
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reported in the literature [RB67, JM88, DT88, Hon+86, Tor+82 and
ARF87]. Even considering a strong correlation ‘between the
real-potential strength and radius, these are significant differences.
However, the systematic behavior of SOM real-potential radii has been
examined in refs. [S692 and Chi+90]. Those studies were made at a
neutron energy' of 8 MeV where the contribution of the dispersion
integral of Eq. IV-2 is small for most targets (this is less so for

the present 4002 case due to the large negative value of EF)' From

these considerations it was found that the mass dependence of the SW
r, of the SOM is given by

1/3
r,=r, +1/A / , (V-1)

where A is the mass number, r, = 1.154 fm, and r, = 0.407 fm. Eq. V-1

implies a r, for 4OCa of 1.273 fm, which is in remarkable agreement'

with the 8 MeV SOM and DOM results of the present phenomenological
interpretations. In addition, it has recently been shown that Eq. V-1

is valid for neutron scattering from the similar light target 453c
[S693]. Thus, the empirical expression of Eq. V-1 appears to be a
reasonable "global" representation for the neutron SOM over a wide
mass range extending form A % 40 -+ 209. It is less valid when dealing
with strong collective targets [SG93A].

Meyers [Mey73] has considered the geometric properties of

leptodermous distributions. The SV distribution is one such,
sometimes called the "fermi function". Meyers parameterizes such
distributions in terms of the "equivalent sharp radius", RS. Rs is

somewhat larger than the R used in SV parameterizations, but the two
are easily related using the SOM geometric parameters of Table IV-1.
WVhen this is done, the Meyers expression becomes

r, = 1.006 + 0.425/A1/3,  (v.2)

where A is the target mass and r, is the usual reduced real-potential

radius. Meyers obtained the numerical constants of Eq. V-2 from a
global survey of proton SOMs (the radii of proton SOMs have been
reported smaller than those of neutron SOMs [ARF87]). The constants
of Eqs. V-1 and V-2 are somewhat different but the mass dependence is
the same. The important point is that both Eqs. V-1 and -2 indicate
that the T, of the SOM with a SV form factor increases with decreasing

target mass. This is consistent with the present 4OCa SOM and the
systematics of phenomenological SOM studies [S692, Chi+90]. However,
the conclusion is in contrast to that of some other phenomenological
investigations Var+871. It has been suggested [SG93, Chi+90] that
the neutron SOM real-potential strength, at 8 MeV, follows a
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systematic behavior given by
1/3,3
I, =K [ 1- (VD)) -(r, + r, A33 (ng)

where KO = 236.1 MeV, ¢ = 0.575, and r, and ry follow from Eq. V-1.
Eq. V-3 obviously reduces to J, = Ko-(rO + rl/A1/3)3 = 487.07 MeV-fn®

for 40Ca, which is within 0.98% of the 482.32 NeV-fmS value implied by
Table IV-1. This result gives further support to the systematic

behavior described by Eqs. V-1 and -3, and to the present 40Ca SOM
parameterization.

The r_ of the SO and the T eff Of the DON are not the same thing

and can not be directly compared. However, Tables IV-1 and IV-2 and -
the A(E) of Fig. IV-5 can be used to calculate the equivalent
root- mean- square (RHS) radii of the two models. The results are in
very good agreement with the largest differences at the lower energies
where, for example, at 1 MeV the discrepancy is =~ 1.3%. The
real-potential radii of all the present interpretations decrease as
the energy decreases to small values. Mahaux and Sartor [MS86] have
examined the energy dependence of the RMS real radius in the context

of the dispersion relationship. They considered n + 208Pb, P+ 208Pb

and p + 4OCa systems. The results for the p + 4OCa. system were
erratic or inconclusive, in a large part due to the lack of reliable

low-energy data. For the 208py, cases, the real-potential RMS radius
was predicted to decrease rather sharply with decreasing energy at low
energies. This prediction is consistent with the tremnds of Tables
IV-1 and -2. Perhaps the detailed low-energy results of the present
work support the predictions of ref. [MS86].

The present SOM Jv is qualitatively similar to many values quoted
in the literature [RB67, JM88, DT88, Hon+86, Tor+82, ARF87, and BG69].
The E - 0 literature values of Jv range from =~ 460 to 525 HeV—fm3,

with the majority of them clumped about 500 MeV-fu®.  The energy
dependencies are not always well defined due to the limited energy
scope of the data, but the slopes are approximately linear and
qualitatively similar. Comparisons at selected higher energies, such
as given in Table V-1, are a measure of these slopes. The present
results are very consistent with those of refs. [Tor+82 and Hon+86],
and are somewhat larger than the results of refs. [ARF87 and AR87

The majority of the results indicate little difference between SOM and
CCH Jv values, "but one should be cautious of that conclusion as SOM

and CCM geometries are the same at each institution. The Jotf of the
DOM, Table IV-2, is smaller than Jv, as it must be since the Jeff of
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Eq. IV-5 is not the Hartree-Fock component, since it includes the AJvo
component of Eq. IV-4 (and Fig. IV-5). AJ leads to a slope of Jost
that is considerably less than that of JKF' The present Jv values are

consistent with those of the neighboring 455 [SG93]. Eq. V-3 leads
to a Bsc J, at 8 MNeV = 4.5% smaller than that of %0Ca. The
comparable experimentally-deduced J values differ by » 1.5%. The

experimental potentials were derived quite independently, thus the
small discrepancy between phenomenological and systematic results is
probably not significant.

Optical potentials have been developed from microscopic
nucleon-nucleon theory. They tend to take two forms. In one case the
mass operator in infinite nuclear matter is calculated and then a
local density approximation is used to adapt the result to finite
nuclei [JLM76]. On the other hand, an explicit representation of the
effective interaction is obtained and the optical potential deduced by
folding this interaction with nuclear-matter density. The latter

method was used by Brieva and Rook [BR78] to predict the 40Ca(n,n)
processes at the energies of the present work. Their results lead to
a value of J,as E-0 that is in essentially exact agreement with the

phenomenological value of Table IV-1. Unfortunately, the predicted
de/dE value is approximately a factor of two larger than the present

phenomenological value, or most of those found in the literature.

A number of broad-ranging SOM real potentials have been proposed,
frequently for equation-of-state considerations. These are generally
based upon proton potentials as only they are available in an energy
scope of perhaps - 100 - +100 MeV. In such expressions, the energy
region within % |25| MeV of Ep is generally avoided as not being

representative of the wide energy-dependent trends. This type of
eneral SOM real-potential is illustrated by the work of Bauer et al.
%Bau+82]. Those authors suggest a general real potential of the form

Y = 52.4 - 0.37-E + 0.0007-E2, (V-4)

where the additional coulomb and isovector terms have been dropped as
they are not applicable to the present case of neutron scattering from

40Ca. Eq. V-4 can be expressed in the volume-integral form,

J, = 511.2 - 3.609-E + 0.0068-E%,  (V-5)
using the geometries of ref. [Bau+82]. Eq. V-5 is in reasonable
agreement with the present SOM J  (Table IV-1). At E =0 the
difference is 1.5%, at 10 MeV 0.2%, and at 20 MeV 1.8%. The agreement
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with the Jeff of the DOM is less satisfactory. This is not surprising

as Eq. V-5 essentially represents the local-equivalent Hartree-Pock
potential while Jeff = JHF + AJVO. Eq. V-5 should be compared with

Jogs - AJVO, where AJvo is shown in Fig.-4. Vhen that is done the
comparisons with Eq. V-5 are much improved. Unfortunately, AJvo can

not be directly determined from experiment, and even the contribution
of volume absorption to the model is not well defined.

The theory of dynamic vibrations of Brown el al. LBro+79] treats
the region near the Fermi Surface. The reduced mass, m , is given by

*

= 0.64 + 0.36-[ 1+ |E-Bpl/2hu, 1%, (V-6)

*
and dV/dE = 1 - m /m. Assuming ho = 41/A1/3 [Bro+79], Eq. V-6 leads
to de/dE % -2.11, using the present SOM geometries. This result is

consistent with the SOM of Table IV-1, however the magnitude is much
larger than the dJeff/dE of Table IV-2. Again, the difference is in
*

the AJvo' Assuming-%% =1 - dV/dE and the energy-dependent geometries

*
of Table IV-1, one finds that the ratio m /m decreases as ome goes
from ~ 8 MeV to zero energy.

Throughout the present interpretations it has been assumed that
the real potential has the conventional SV form. That assumption
constrains the considerations, and may lead to a systematic bias of
the results.  Several authors (e.g., [ARF87] and [Tor+82]) have
considered this possibility in the context of neutron scattering from

40¢, using "model independent approximations" (KIA). In the latter
approach, the. SV potential 1is supplemented by a low-order
fourier-bessel expansion [FB78], extending over % 5 - 10 ternms.
Predictably, the descriptions of the experimental data are superior to
those obtained with the SVW potential alone as a number of additional
parameters are involved. The information content of the experimental
data used in such interpretations is limited by scope and by
statistical and systematic uncertainties. This information is spread
over many more parameters in the MIA approach, with the consequence of
rather large parameter uncertainties. The effect of the latter is
particularly acute at small radii. In view of these uncertainties, it
is not surprising that the results of MIA investigations are "mixed".
For example, the work of ref. [Tor+821 suggests a deviation from the
SV form, particularly at small radii where the MIA strength is greater
than that of the SV form. Such a trend is supported by some
nuclear-structure calculations [BNV74]. On the other hand, the MIA
interpretations of ref. [ARF87] give results that are reasonably close
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to the SV form at energies relevant to the present work. Achievin
more definitive MIA results will require a nev degree of experimenta%
precision at higher energies where inherent physical effects, such as
CN fluctuations, are not further complicating factors. Such data is
beyond the energy range of the present measurements, the
interpretation of which is already complicated not only by
fluctuations, but also by collective effects and strong and uncertain
CN channel competition. Thus, it is not realistic to examine the
present experimental results in the context of the NIA. It is
suggested that, when a MNIA interpretation is attempted, some
alternative to the fourier-bessel expansion be considered in order to
reduce the number of parameters involved and 1limit the radial
oscillations of the results, perhaps a simple gaussian or poisson
increment to the conventional SW potential.

The imaginary potential is not as well defined as the real
potential in the present work, and in the literature; influenced as it
is by nuclear- structure effects, particularly the fluctuations of the
CN processes at lower energies. However, the imaginary-potential
radius at low energies (e.g., E - 0) is much larger than the real
potential in all of the present interpretations. Extensive other work
at this laboratory, in particular studies of neutron scattering from

45Sc, has displayed the same effect (e.g., ref. [Chi+90 and SG93] and
refs. cited therein). This low-energy effect is valid regardless of
which model is used. Furthermore, it is consistent with the generall

large imaginary radii reported in low-energy (e.g., strength %unction{
studies in the literature [Mol63, MDH81]. These large imaginary radii
decrease with energy and in the range 10 - 20 MeV approach an energy
independent value that, in the present work, is approximately the same
as that of the real-potential radii. The deviation of the present DOX
imaginary radius at higher energies from the latter trend is probably
a fitting anomaly. Previous studies reported in the literature are
%enerally at energies of more than 10 MeV so they can shed little

ight on the low-energy behavior. Moreover, the previously-reported
imaginary-potential radii scatter by considerable amounts [RB67, JM88,
DT88, Hon+86, Tor+82 and ARF87].

The imaginary potential diffusenesses of the present work rise
from small magnitudes at E = 0 to values only slightly less than those
of the real potential at 10 - 15 MeV. The latter are relatively
consistent with a number of the results reported in the literature
from higher-energy studies [RB67, JM88, DT88, Hon+86, Tor+82 and
ARF87]. This type of behavior has been observed in many studies at
this laboratory (e.g. ref. [Chi+90]), and specifically in the

scattering from the nearby 455¢ nucleus [S693]). Intuitively, one
would expect the absorption to be increasingly confined to the nuclear
surface as the energy decreases, at very low energies approaching a
delta function. The present work, and that reported in the
literature, assumes a surface absorption of the SW-derivative form,
and possibly at higher energies (E x> 22 MeV) a volume absorption of
the SV form with the same parameters as the real potential. Repeated
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attempts to identify a volume absorption in the present work were not
successful. This is not surprising as the majority of the data base
is below » 22 MeV, and refs. [Hon+86 and ARF87] suggest that volume
absorption becomes significant only above » 22 MeV. There is only one
high-quality distribution above » 22 MeV (at 25.5 MeV [ARF87]), and
the remainder of the high-energy data base does not have the detail
necessary for unequivocally determining the presence of volume
absorption. Good quality total cross sections do extend to much
hi§her energies but they alone do not provide rigorous model
detinition. In detail, the common practice of assuming a volume
absorption at higher energies is very likely wrong. More probable is
an absorption that is confined to a narrow edge of the nuclear surface
at low energies, that spreads to the nuclear interior with increasing
energy, and finally approaches a uniform volume absorption. Some
microscopic potentials tend to support such a behavior EJLHG]. The
conventional use of energy-dependent surface and volume absorptions is
a very crude mockup of the probable reality. The matter seems to have
never been phenomenologically investigated in detail. To do so would
require some very excellent elastic-scattering data. The tendency of
the present phenomenological models to have smaller imaginary- than
real-potential radii at higher energies (e.g., at =~ 25 MeV) may
reflect a movement of the absorption toward the interior of the
nucleus.

The imaginary-potential stremgths of the present work are % 50
MeV-fn® at E = 0, increase with emergy to 12 - 20 MeV and then

approach a constant value of 100 - 110 IeV-fm3 at higher energies. In
the present work a linear-segment representation was used. Refs.
[J¥88 and BR81] suggest the form '

(E-Eg)?

J(E). = B. ,
(E), ( _EF)g Ny

(V-7)

which is probably more realistic than the linear segments used here.
The parameters of Eq. V-7 are not well defined by the experimental

data, but with B = 130 MeV-fn> and ¢ = 16 MeV Eq. V-7 is similar to
the 1linear-segment representation of Table IV-1. The present
imaginary strengths are reasonably consistent with those reported in

the literature for neutron scattering from 4OCa at higher energies
[ARF87, AR87], and for similar processes dealing with magic nuclei

(Chi+90]. The strength for scattering from the neighboring 455¢ is

larger at low energies [SG93] as 55¢ is not magic and the number of
levels not explicitly treated in the model is much larger than is the

case of 4OCa.
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The spin-orbit potential of the present work was taken from the
real spin-orbit potential of ref. [Hon+86], which was developed from
detailed polarization studies. Thus it is not surprising that the
present potentials do reasonably well in describing the observed
elastic-scattering polarizations, as illustrated in Fig. IV-3. Ref.
[Hon+86] includes a small imaginary spin-orbit potential. Ref. [DT88]
considered the impact of the dispersion relationship on the
calculation of polarizations, and it was concluded that an imaginary
spin-orbit potential is not necessary. Both considerations may lead
to improvements, but if so they are of modest proportions. The simple
real spin-orbit potential used here gives an experimental description
that is very nearly as good, if not as good, as that achieved with the
additional complexities. All of the polarization calculations are
significantly discrepant with the observed values in some prominent
facets of the reaction.

In the context of phenomenological neutron scattering and total
cross sections, there is very little to choose between the SOM and the
DOM. Both give essentially the same description of the physical
observables and both have energy dependent parameters differing in an
understandable way. Clearly, the dispersion integral alone falls far
short of entirely explaining these energy dependencies. Other physical
effects must be active. The effect of the dispersion integral is felt
primarily at bound energies £see below). It should be remembered that
either the SOM or the DOM of the present work describe the total and
elastic- scattering cross sections over the entire energy range 0 -+ 30+
MeV to acceptable accuracy. It is partly a matter of energy-dependent
changes in the surface absorption, but the imaginary diffuseness does
decrease and the imaginary radius increases with decreasing energy as
qualitatively suggested in ref. [JM88]. These changes, along with
those of the real potential, are now quantitatively defined. Vith
them there appears to be no justification for calling upon added
complexities such as 1-dependent potentials. Inelastic scattering
indicates that the CN process will not account for the measured
results as the cross section magnitudes are significant at higher
energies where many channels are open, and the angular distributions
of the inelastically-scattered neutrons are highly anisotropic
[Tor+82, AR87].

The present CCM accounts for the elastic- and
inelastic-scattering, neutron polarizations, and total cross sections
(as illustrated in Figs. III-5, IV-2, IV-3 and IV-7) using a
relatively simple coupling scheme. In view of this success, no
attempt was made to adjust the ﬂ) deformation parameters. The

accepted ﬂ) values, and other relevant model parameters, are supported

by additional considerations. The deformation lengths at higher
energies, 5) (5A = ﬂA-R), following from the present CCH are

63 = 1.437 and 65 = 1.061 fm. These values are to be compared with
~ 1.33 and 0.93 of ref. [AR87] and 1.41 + 0.08 and 1.02 = 0.15 of ref.

39



[Bai+77], respectively. One must be a bit careful of comparing 6A

values as they will be energy dependent if the geometric parameter, R,
is energy dependent. The present comparisons are made at energies
where R is reasonably constant. Using the method of Hamilton and
Mackintosh [HN78], and as applied in ref. [AR87], one can calculate
the moment of the real vibrational field q), an then the normalized

moment Q) = q,/J, and also the B(E3) = (Z-Qgy)%-e?, for the G.S. + 3

transition in 4OCa. In the 21 - 26 MeV region the present work gives
Q30 = 734 fn® and B(E3)1/2 = 146.8 e-fmS.  The latter value is

somevhat larger than the corresponding EM result of 133 - 139 [Eis+69,
EL78, Law80] but closer than the 162 - 176 result of ref. [AR87],
depending on integration range. This improvement tends to support the
larger real-potential radius of the present work, in addition to the
assumed ﬂ3 values.

The above DOM can be extrapolated beyond the experimental energy
range, particularly to the bound-state regime, and it is there that
the effect of the dispersion integral of Eqs. IV-2 or -3 is most
evident. The dispersion relationship holds for the radial moments of
the potential, where

p [+® <r(E’)q>w

<ax(B)S = <x(B)Bpp + 7J T ¢, (7-8)

and
a®)b, - § J: W(r,B) fddr.  (V-9)

Mahaux and Sartor have examined the radial moments for stability, and
have selected q = 0.8, 2 and 4 as best defined by experimental
information [MS85]. Their choice is followed here. Using these three
moments, the potential is extrapolated to E <0 (i.e., to the
shell-model potential). This approach has been extensively used by
Mahaux and co-workers, and at this laboratory [LGS89, Chi+90]. The
moments were determined from the potential of Table IV-1, which is
based upon neutron elastic scattering data at energies of less than =
30 MeV. The energy dependence of the imaginary-potential moments was
taken to be that of Brown and Rho [BR81],

12
< (B)b = 'E?ég'ggl"‘é' (V-10)

( F) +Dq

The energy dependence of the moments of the Hartree-Fock real
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potential were assumed to have the linear form
<r(B)bpp = Ly *+ B Es (V-11)

which is generélly consistent with Eq. V-5 over the limited energy
range of the present considerations. Combining Eqs. V-8, -10 and -11,
one can express the real-potential moments in the form

C,D, (E-Ep)

()b = A+ Bq-E-+-.£!--‘!.._.§._.2

. (V-12)
(E- EF) +Dq

Using the imaginary-potential strengths and geometries from Table IV-1
the moments were calculated at a number of energies distributed over
the range E = 0 - 30 MeV and the constants C_ and Dq determined by

fitting, with the results given in Table V-2. Dq is nearly constant

as the energy-dependent shapes of the three moments are similar while
Cq is clearly the infinite-energy limit of Eq. V-10. Having

determined C_ and D_, the real-potential moments can be calculated

from the parameters of Table IV-1 and Eq. V-12 and used to determine
the constants A_ and Bq by fitting. The resulting values are given in

Table V-3.

Eq. V-12 vas assumed to hold in the bound-state region, and the
corresponding SV potential parameters were calculated from the
constants of Tables V-2 and -3. The spin-orbit potential parameters
vere taken from Table IV-1. The resulting SV potential, based on
neutron-scattering data, implies the binding energies of particle-
and hole-states as given in column three of Table V-4. The binding
energies are remarkably well predicted considering that: i) large
energy extrapolations are required (particularly for the deep hole
states), ii) considerable numerical manipulations are involved, and
iii) the results are quite sensitive to the HF constants A_ and Bq.

The latter sensitivity was examined by repeating the entire set of
calculations only limiting the scattering data upon which they were
based to E > 8 MeV (i.e., to energies where the geometry of the real
potential is constant). The resulting calculated binding energies had
the same qualitative trends as shown in Table V-4 but the magnitudes
were consistently lower than the experimentally-deduced values by one
to several MeV.

4

Since 4%Ca is a T = 0 target, several authors have examined the

correlation of p + 4063 and n+ 40¢, potentials and the coulomb energy
shift [Hon+86, ARF87]. The emphasis of the present work is on lower
and bound energies where the proton reactions are greatly inhibited,
or even forbidden, by the coulomb barrier. Thus no attempt was made
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Table V-1. Comparison of SOM and CCH J, values (in MeV-fn®) at
E, = 21.7 and 25.5 KeV.

Reference 21.7 MeV 25.5 MeV
SOM, present work 445.5 434.9
CCM, present work 446.7 438.1
SOM, [Tor+82 442.8 432.4
CCM, [Hon+86 448.0 438.3
SOM, [ARF87] 435.0 417.0
CCM, [AR87] 420.7 405.2
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Table V-2. The parameters Cq and Dq of Eq. V-9.

Parameter Moment (q)
0.8 2.0 4.0
Cq 21.0 135.0 3100.0
Dq 15.0 17.0 17.0
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Table V-3. The parameters Aq and Bq of Eq. V-11.

_--__-----_------------—----------_----------------—_-—---—-------—-_.

Parameter Moment (q)
0.8 2.0 4.0
i, ‘ 120.63 432.86 6154.0
Bq -0.783 -1.939 -5.419
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Table V-4. Measured and calculated binding energies of particle and
hole states.

State Binding Energy (MeV)
| Exp.? Scattering Data
lsl/2 18.1 17.94
0f7/2 . 8.: 8.61
10y /9 .0 3.70
RES dev.” 0.70

2 Taken from [EL78].
RMS deviation from experimental values.

45



to repeat the comparisons of neutron and proton potentials of previous
work as there is probably little that can be added without new
extensive, precise and higher-energy measurements and their
intﬁrpretations. Such measurements were not a part of the present
work. '

The above remarks assume that the observables are consistent with
the concepts of the optical model, and generally free of local
structure effects. However, this is not clearly so. Careful
inspection of the energy—averaged total cross section %see Fig. IV-2{
reveals a broad "hump" centered about 10 - 12 MeV. t is of smal
magnitude, but inconsistent with the present, or similar, model
concepts. The present model descriptions (and those of a number of
other authors) of the observed elastic-scattering distributions are
not particularly ood in the same =~ 10 - 12 MNeV region.
Unfortunately, the large majority of the available polarization
information is in this questionable energy region. The problem has
not been generally recognized, although there have been attempts to
improve the description of the experimental observables using
1-dependent potentials [KN79]), MIA interpretations [Ala+85], and
coupling to giant resonances [Hon+86]. The success has been "mixed".
At the energies of the present measurements one should not expect to
have explicit agreement between results obtained with simple models
and the experimental values. MNore complex models, and precise data to
justify them, will be necessary to resolve these issues.

At lower energies the present calculations are sensitive to CN
processes and the associated channel competition. Therefore, the
large values of the (n,p) and (n,a) cross sections are a concern. The
present interpretations, based upon neutron scattering, suggest that
the composite of the commonly accepted (n,a) and (n,p) cross sections
[ENDF] is too large by 10 - 15%. This may be a significant concern in
some applications.
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